ABSTRACT The finite element method was used to compute the vibration characteristics of the elliptical treadmill, and the computational results were then compared with those of the experimental test to verify its correctness. The vibrations of the elliptical treadmill were optimized by glowworm swarm optimization back propagation neural network (GSO-BPNN) model to obtain an elliptical treadmill with the minimum mass and vibration. The experimental test was completed using the intelligent sensor device, and the collected signal will be processed by people. Therefore, in this paper, the numerical computation involved the cyber-physical-social system. The computational results proved that: Tri-axial excitation forces presented an obvious periodicity. Power spectral density was mainly distributed within 10-20 Hz. Power spectral densities of the elliptical treadmill with different materials were also mainly distributed within 10-20 Hz. In addition, the maximum peak value of power spectral densities of the elliptical treadmill with aluminum alloy was 2.1 g 2 /Hz, while the maximum peak value of power spectral densities of the elliptical treadmill with magnesium alloy was 1.7 g 2 /Hz. Compared with a steel elliptical treadmill, the maximum power spectral density of an aluminum elliptical treadmill was decreased by 19.2%, and the maximum power spectral density of a magnesium elliptical treadmill was decreased by 34.6%. Therefore, using magnesium alloy to make the elliptical treadmill can obtain a comparatively better structure. Vibration displacement, velocity and acceleration in Z direction were obviously more than those in X and Y directions and presented certain periodicity because excitation forces in Z direction were also the largest. GSO-BPNN model was compared with BP neural network model and genetic algorithm-BP neural network model. They adopted the same neural network topology structure to conduct a multi-objective optimization for the power spectral density and acceleration of the elliptical treadmill. GSO-BPNN not only improved the optimized accuracy, but also reduced the computational time.
I. INTRODUCTION
Walking and running are the most common aerobic exercises in the field of rehabilitation medicine, exercise and fitness and also one of the most simple, efficient and scientific exercise and fitness ways of improving health. In recent years, fitness in outdoor running becomes increasingly difficult due to the influence of some factors including climate, environment and lifestyle. Sports equipment used for indoor fitness is universally favored by people. As the motion of people on a treadmill is elliptical, the flywheel in the rear of elliptical treadmill well combines with pedal device of forward motion to form a smooth elliptical motion track and realistically simulate people's track of running exercise. Therefore, the elliptical treadmill is the most popular and one of the most important fitness equipment and rehabilitation training equipment [1] - [3] . With the constant development of society and market, companies have set higher and higher requirements on the mechanical property and cost control of an elliptical treadmill. At present, the design of an elliptical treadmill is mostly based on experiments and experience, which is time-consuming and calls for a high cost.
Recently, due to the rapid proliferation of sensors and intelligent devices, a new revolution in computing has been witnessed. The next generation of computing and networking will utilize a wide variety of resources with significant sensing capabilities. Such computing and networking will extend beyond physically linked computers to include multimodal information from biological, cognitive, semantic, and social networks. In this paper, the elliptical treadmill will be used to improve the physical, and the intelligent sensor device will be used to collect the signal. Finally, the collected signal will be processed by people. Therefore, this work has formed a cyber-physical-social computing system.
Currently, published papers have seldom reported an elliptical treadmill involving the field of the cyber-physical-social computing. Changes in the health condition of human bodies on an elliptical treadmill are mainly studied through general experiments. Pollock et al. [4] experimentally tested the impact of vibrations on human spine on the elliptical treadmill and studied the rehabilitation condition of different parts of spine under the same vibration condition. Nelson et al. [5] redesigned the driven motor of an elliptical treadmill, tested changes in the health condition of human bodies and improved rehabilitation time and cost. Cui and Li [6] studied a self-adaption control method of the elliptical treadmill speed applicable to low limbs rehabilitative robots, constantly monitored human-machine interaction according to the characteristics of human bodies fixing robot system through joints in the walking method of vertical plane, obtained the motion intention of patients by virtue of reverse dynamic model, enabled patients to adjust gait track in real time according to their intentions and improved the degree of actively participating in rehabilitation training. Researches on the performance of the elliptical treadmill are mainly focused on dynamics based on theoretical formulas. To solve the impact of shock of the elliptical treadmill on the microgravity of astronauts of long-term stay, Sun et al. [7] conducted an analysis on the vibration of the elliptical treadmill under the environment of space microgravity and proposed a method of parallel passive vibration reduction. The passive vibration reduction system can not only restrain the high-frequency interference caused by the running of astronauts, but also possess the function of reducing the impact caused by the treadmill. To optimize the structural parameters of mechanical transmission of the elliptical treadmill, Li et al. [8] established an optimization model for mechanical structural parameters and obtained the optimal design parameters of the elliptical treadmill based on the equivalent motion model of mechanical transmission and structural kinematics theory. However, they failed to experimentally verify researches on the performance of the elliptical treadmill. In addition, the optimized model did not adopt any optimization algorithms.
Finite element method can accurately simulate machine and extract the vibration displacement, velocity, acceleration and other parameters of any point in mechanical structures. Yan et al. [9] established a finite element model for an elliptical treadmill and extracted the vibration response of the elliptical treadmill under the action of external forces. However, studied results were not verified by experiments. In addition, the optimization for the vibration characteristics of the elliptical treadmill was not involved. To address the mentioned problems, this paper established a finite element model for the elliptical treadmill, extracted the vibration response under the action of external forces, compared with experimental results and verified the correctness of the numerical model. Then, this paper planned to adopt optimization algorithms to optimize the vibration characteristics of the elliptical treadmill. In recent years, intelligent algorithms represented by neural network is widely applied in the field of the optimization [10] - [14] . However, neural networks have some inevitable defects, such as difficulty in selecting network structure, over-fitting, local extremums and poor generalization ability. Especially with the increasing number of samples, the convergence rate of back propagation (BP) neural network will be low and network performance will also be poor. Additionally, BP neural network will find it difficult to converge if the initial weights and thresholds of BP neural network are not chosen well, which will lead to poor prediction results. Glowworm Swarm Optimization (GSO) algorithm is a new heuristic search algorithm which simulates the foraging behavior of glowworms in reality. This paper planned to adopt GSO algorithm to optimize BP neural network and aimed to obtain better network initial weights and thresholds through GSO algorithm. Its basic thought is to use individuals to represent the initial weights and thresholds of network. The prediction error of initialized BP neural network of individual value is taken as the fitness value of the individual. The optimal individual is sought through GSO algorithm, namely optimal initial weights and thresholds of BP neural network. The optimal initial weights and thresholds obtained by GSO algorithm were used to construct BP neural network (GSO-BPNN). On this basis, GSO-BPNN was used to conduct a multi-objective optimization for the vibration characteristics of the elliptical treadmill and obtain the structure with optimal vibration characteristics. Fig. 1 showed the geometric model of an elliptical treadmill studied in this paper. The elliptical treadmill is consisted of hand shanks, pedals, and motors. Two feet are on the pedal; two hands firmly hold hand shanks. The coordinated action of feet and hands makes the pedal rotate and hand shanks swing to realize reciprocating motion. The track of reciprocating motion is elliptical. The motion of people on the elliptical treadmill is also elliptical. Therefore, it can realistically simulate people's track of running exercise.
II. FINITE ELEMENT MODEL OF AN ELLIPTICAL TREADMILL
In the solution process of the finite element, the most important link is to establish the pre-processing model of the finite element, which generally contains geometric model, mesh generation, constraints and loads and definition of materials. It has a direct impact on the accuracy and efficiency of computational results. The fundamental principle of modeling is the accuracy. To ensure the computational accuracy, the model has to reflect the geometric and mechanical properties of an elliptical treadmill. To improve the computational efficiency of this model, modeling has to take into account factors including element type, quantity and quality. When the computational purpose and accuracy are guaranteed, it is necessary to appropriately simplify the model, reasonably choose element type, reduce input data and computational time and rationally control element size. Solid elements are elements with the highest accuracy among all elements. Therefore, this paper chose tetrahedral elements to divide the mesh of the elliptical treadmill, as shown in Fig. 2 . ANSYS software is the platform. Finally, the finite element model contained 102,765 elements and 120,761 nodes. Boundary conditions will have a direct impact on the analyzed results of structural dynamics. An elliptical treadmill is usually fixed on the ground. Therefore, the freedom degree of all nodes on the lower surface of the elliptical treadmill was constrained. The connection between different parts of the elliptical treadmill used fixed constraints, as shown in Fig. 3 . After dividing meshes and setting boundary conditions, it was required to set the material properties of the elliptical treadmill. The elliptical treadmill was made of steel. Therefore, elasticity modulus was E = 2.1e11Pa; Poisson's ratio was µ = 0.3; density was ρ = 7800kg/m 3 . The top 6 order frequencies of the elliptical treadmill were computed to compare with experimental results, as shown in Table 1 . The relative error between the experimental value and simulation value was computed. The relative error of modal frequencies was controlled within 3%, which proved that the numerically computational model of the finite element in this paper was correct. In addition, modal frequencies were distributed very intensively, which was consistent with the distribution characteristics of frequencies of large-scale structures. The top 6 order modes of numerical computation were extracted, as shown in Fig. 4 . It could be seen from the figure that modes were mainly reflected in the deformation of hand shanks and pedal of the elliptical treadmill. Main structures fixed on the ground did not obviously deform. The rigidity of main structures was relatively large. Hand shanks and pedal are long and thin structures with relatively small rigidity. Under the same condition, they would deform seriously. In addition, it could also be seen from the figure that vibration was the most serious at the end of hand shanks, namely the position where hands grasped elliptical machine. In this way, large vibration would appear under the action of external loads, which had certain influence on human health. Therefore, it was necessary to analyze and optimize the dynamic characteristics of the elliptical treadmill and reduce vibration characteristics.
III. NUMERICAL COMPUTATION AND ANALYSIS FOR THE DYNAMIC CHARACTERISTICS OF THE ELLIPTICAL TREADMILL
Modal analysis is the foundation of computing and analyzing structural dynamics. Therefore, the dynamic characteristics of the elliptical treadmill were analyzed based on the verified model. Under normal conditions, people stand on the pedal of the elliptical treadmill. However, directly applying a downward force of gravity does not accord with the actual situation because the lower limbs and inclination angle of human bodies will present no changes and produce a triaxial acting force when the elliptical treadmill works. The computational method for the external excitation force of the elliptical treadmill in [7] obtained tri-axial forces of the elliptical treadmill studied in this paper, as shown in Fig. 5 . It could be seen from the figure that tri-axial forces presented an obvious periodicity because the working process of the elliptical treadmill was also a constantly repeated periodic process. As a result, the excitation of human bodies acting on it was certainly periodic. In addition, the maximum values of tri-axial forces were 23N, 190N and 635N respectively. In general, body mass is within 100kg and gravity is within 1000N. Therefore, the order of magnitude of excitation forces computed in this paper should be correct. It could also be found that change periods of tri-axial forces were basically the same, which was consistent with the actual situation.
The excitation forces were input into the pedal of the finite element model of the elliptical treadmill to compute the stress and strain, as shown in Fig. 6 . It could be seen from the figure that stress and strain mainly at the hand shanks and pedal of the elliptical treadmill. The maximum stress was 20.054MPa and the maximum strain was 459.63mm. In addition, stress and strain at the hand shanks and pedal of the elliptical treadmill were basically distributed consistently. To observe vibrations at the end of hand shanks, power spectral density was extracted, as shown in Fig. 7 . It could be seen that power spectral densities were mainly distributed within 10-20Hz; the maximum peak value was 2.6g 2 /Hz; FIGURE 7. Power spectral densities at the end of steel hand shanks.
corresponding peak frequency was 13.7Hz. It was mainly because the elliptical treadmill had a mode at 13.2Hz and caused the structural resonance. The elliptical treadmill studied in the above section was made of steel. As everyone knows, aluminum and magnesium alloys have greater structural damping than steel, whose vibration damping characteristics are very obvious. Therefore, this paper considered replacing the material of the elliptical treadmill with aluminum and magnesium alloys respectively to re-compute power spectral densities at the end of hand shanks, as shown in Fig. 8 . In Fig. 8 , power spectral densities of the elliptical treadmill with different materials were also mainly distributed within 10-20Hz. In addition, the maximum peak value of power spectral densities of the elliptical treadmill with aluminum alloy was 2.1g 2 /Hz; corresponding frequency was 12.9Hz; the maximum peak value of power spectral densities of the elliptical treadmill with magnesium alloy was 1.7g 2 /Hz; corresponding frequency was 12.6Hz. Compared with a steel elliptical treadmill, the maximum power spectral density of an aluminum elliptical treadmill was decreased by 19.2%, while the maximum power spectral density of a magnesium elliptical treadmill was decreased by 34.6%. Therefore, using magnesium alloy to make the elliptical treadmill can obtain a comparatively better structure. Tri-axial vibration displacements, velocity and acceleration at the end of hand shanks of the elliptical treadmill were extracted, as shown in Fig. 9 . It could be seen from the figure that vibration displacement, velocity and acceleration in Z direction were obviously more than those in X and Y directions and presented certain periodicity because excitation forces in Z direction in Fig. 5 were also the largest. The maximum and minimum values of vibration displacement were 0.048m and −0.04m. The maximum and minimum values of vibration velocity were 0.7m/s and −0.68m/s respectively. The maximum and minimum values of vibration acceleration were 12.6m/s 2 and −10.9m/s 2 . Vibration displacement, velocity and acceleration did not completely overlap at the frequency points of peak and valley values. 
IV. EXPERIMENTAL VERIFICATION FOR THE NUMERICAL COMPUTATION MODEL OF THE ELLIPTICAL TREADMILL
Boundary conditions of the elliptical treadmill were very complex. Therefore, the correctness had to be verified by experiments. Otherwise, it was unable to determine whether the computational results of this paper were correct. As shown in Fig. 10 , multiple tri-axial accelerometers were arranged at the end of hand shanks on both sides of the elliptical treadmill. Accelerometers were connected to data collection terminal and input into computer. Pulse software was used to complete the post-processing of data. Sampling frequency was 250Hz. Each test took 20s. Average processing was conducted for the data tested by multiple accelerometers to compare with numerical simulation results, as shown in Fig. 11 . It could be seen from the figure that experimental and numerical simulation results of acceleration in three directions presented a good consistency and only the peak values of some frequency points were different, which indicated that the numerically computational model for the vibration characteristics of the elliptical treadmill was completely reliable.
V. NUMERICAL OPTIMIZATION FOR THE VIBRATION CHARACTERISTICS OF THE ELLIPTICAL TREADMILL
In recent years, intelligent algorithms represented by neural network are widely applied in the field of the optimization. Neural networks usually adopt a three-layer topology structure, as shown in Fig. 12 . It is composed of the input layer, output layer and hidden layer. In the figure, the number of nodes at the input layer, hidden layer and output layer are N, H and O respectively. The number of nodes at the input layer and output layer are N and O which are automatically determined by the characteristic dimension and number of categories of training samples. The number of nodes H at the hidden layer needs to be selected artificially. When the number of nodes H at the hidden layer is large enough, three-layer neural network topology can realize the nonlinear mapping from input vector to target output vector by means of any accuracy.
However, neural networks have some inevitable defects, such as difficulty in selecting network structure, over-fitting, local extremums and poor generalization ability [15] - [20] . Especially with the increasing number of samples, the convergence rate of BP neural network will be low and network VOLUME 6, 2018 FIGURE 12. Neural network topology structure.
performance will also be poor. Additionally, BP neural network will find it difficult to converge if the initial weights and thresholds of BP neural network are not chosen well, which will lead to poor prediction results. Glowworm Swarm Optimization (GSO) algorithm is a new heuristic search algorithm which simulates the foraging behavior of glowworms in reality [21] - [25] . This paper planned to adopt GSO algorithm to optimize BP neural network and aimed to obtain better network initial weights and thresholds through GSO algorithm. Its basic thought is to use individuals to represent the initial weights and thresholds of network. The prediction error of initialized BP neural network of individual value is taken as the fitness value of the individual. The optimal individual is sought through GSO algorithm, namely optimal initial weights and thresholds of BP neural network. BP neural network is improved based on GSO algorithm, as shown in Fig. 13 . (1) Initialize population: The method of individual encoding is real number encoding. Every individual is expressed by real number string. The real number string is composed of the following 4 parts, namely connection weight between input layer and hidden layer, connection weight between hidden layer and output layer, threshold of output layer as well as threshold of hidden layer. Every individual contains all thresholds and weights of BP neural network. If the result of BP neural network is known, a BP network with determined weight, threshold and structure can be constructed.
(2) Fitness function: The initial weight and threshold of BP network are obtained according to optimal individual encoding. After training set is used to train BP neural network, system predicts output. The fitness value of individuals is the absolute value of error between expected output and predicted output.
(3) Update operation of fluorescein: The fitness value of every glowworm in population at any given position is computed. Then, the objective function value is used to compute the fluorescein of glowworms.
(4) Update operation of position: In GSO algorithm, glowworm i chooses glowworm j according to probability p ij when glowworm j with a higher fluorescein value is found and the distance between glowworm i and glowworm j is less than perceived radius. In the meanwhile, glowworm moves in this direction and updates position. Later, objective function value after update is computed. Then, global optimum is updated.
(5) Update operation of decision domain: After update of position, glowworm i conducts dynamic update for radius of decision according to its neighborhood density. If the density is too small, the radius will be increased, in order to search for more neighborhood glowworms, otherwise the radius will be decreased.
The designed variables of this paper were the thickness and diameter of main structural parts. In the finite element model, these structural parts completely adopted solid elements. It is very difficult to optimize the size of solid elements. To solve this problem, this paper rebuilt shell elements on the surface of solid parts and ensured the coincidence of nodes of shell elements and nodes on the surface of entity. The size of solid structure could be indirectly optimized through optimizing the size of the shell element. The frequency spectrum density and vibration acceleration of the elliptical treadmill were taken as objective function which was set as O(). It was necessary to maintain the mass of the elliptical treadmill while improving its vibration characteristics in order to save materials and cost. Therefore, the mass of the elliptical treadmill was taken as constraint function and set as m(). The sizes of various structural parts were taken as design variables. Its mathematical model was as follows:
Wherein, f 1 referred to the power spectral density of the elliptical treadmill; f 2 stood for the vibration acceleration of the elliptical treadmill; x i represented design variable; the original mass of the elliptical treadmill was 55kg; x (l) i was the lower limit of design variable; x (u) i was the upper limit of design variable.
MATLAB integrated BP neural network and GSO algorithm. Therefore, the power spectral density and vibration acceleration of the elliptical treadmill could be quickly optimized by GSO-BPNN algorithm through writing the interface program of MATLAB and ANSYS. The numerical value of parameters to be optimized was taken as output after normalization processing in order to equally consider various optimized parameters and avoid the instability of weights and thresholds of BP neural network obtained by optimization. BP neural network was trained after the weights and thresholds of BP neural network optimized by GSO algorithm were obtained. It was found from the results obtained by test samples that optimal weight and threshold were obtained after 120 iterations; the error of algorithm of optimized BP neural network decreased below 0.01, satisfying the error requirements of design. Multi-objective optimization of the elliptical treadmill was conducted according to the mentioned optimization flow. Algorithm parameters required by optimization were set as follows: 6 input parameters and 2 output parameters. Therefore, GSO-BP neural network structure was set as 6-11-2. Namely, the input layer had 6 nodes; the hidden layer had 11 nodes; the output layer had 2 nodes. There were 6 * 11 + 11 * 2 = 88 weights and 11 + 2 = 13 thresholds. As a result, the individual encoding length of GSO algorithm was 88 + 13 = 101. In GSO algorithm, the initial value of fluorescein was 0.5; the update rate of dynamic decision domain was 0.08; the neighbor threshold used to control the neighbor number of glowworms was 5; step size was 0.05; the update rate of fluorescein was 0.6. To further verify the effectiveness of GSO-BPNN after parameter selection, GSO-BPNN was compared with BP neural network (BPNN) model and genetic algorithm (GA)-BP neural network model [26] - [30] . BPNN, GA-BPNN and GSO-BPNN adopted the same neural network topology structure to conduct multi-objective optimization for the power spectral density and acceleration of the elliptical treadmill. Training errors of three optimization algorithms were shown in Fig. 14 . number of iterations of BP neural network, GA-BP neural network and GSO-BP neural network was 120. Only the training error value of GSO-BPNN was less than the critical value of error 0.015. In addition, the training error of BP neural network was 0.025 when iteration came to an end (The number of iterations was 420). It was still greater than the set critical error 0.015. Predicted results could not be obtained. The training error of GA-BP neural network model was 0.019 when iteration came to an end. It was also greater than the set target error. When the number of iterations of GSO-BP neural network was 120, its training error was 0.01, which was less than the set target error. The predicted time of the BP neural network model is 25.2s, the predicted time of the GA-BP neural network model is 20.5s, and the predicted time of the GSO-BP neural network model is 17.1s. It not only improved the accuracy of optimization, but also reduced time.
The related parameters of the elliptical treadmill obtained through the optimization of GSO-BPNN were input into finite element model to re-compute power spectral density, vibration displacement, velocity and acceleration, as shown in Fig. 15 and Fig. 16 . Power spectral density of the original elliptical treadmill was 1.7g 2 /Hz; the power spectral density of the optimized elliptical treadmill was 1.4g 2 /Hz and decreased by 17.6%. The maximum vibration displacement, velocity and acceleration of the original elliptical treadmill were 0.048m, 0.7m/s and 12.6m/s 2 respectively. The maximum vibration displacement, velocity and acceleration of the optimized elliptical treadmill were 0.036m, 0.5m/s and 8.8m/s 2 respectively, which decreased by 25%, 28.6% and 30.2%. In addition, the mass of the optimized elliptical treadmill was 53.2kg, which reduced by 3.3% compared with that of the original structure. Thus, it was clear that using GSO-BPNN algorithm to optimize the vibration characteristics of the elliptical treadmill had obvious effects.
VI. CONCLUSIONS
The finite element method was used to compute the vibrations of the elliptical treadmill, and the computational results were then compared with those of the experimental test to verify its correctness. Finally, the vibrations of the elliptical treadmill were optimized by GSO-BPNN model to obtain an elliptical treadmill with minimum mass and vibration. The experimental test was completed using the intelligent sensor device, and the collected signal will be processed by people. Therefore, in this paper, the numerical computation involved the cyber-physical-social system. Based on the computation and analysis, the following conclusions can be reached:
1) The relative error of the top 6 orders frequencies of the elliptical treadmill between experiment and simulation was within 3%, which indicated the computational model is reliable. Modes were mainly reflected in the deformation of hand shanks and pedal of the elliptical treadmill.
2) Tri-axial excitation forces presented an obvious periodicity because the working process of the elliptical treadmill was also a constantly repeated periodic process. Power spectral density was mainly distributed within the frequency of 10Hz to 20Hz; the maximum peak value was 2.6g 2 /Hz; corresponding peak frequency was 13.7Hz. It was mainly because the elliptical treadmill had a mode at the frequency of 13.2Hz and caused structural resonance.
3) Power spectral densities of the elliptical treadmill with different materials were also mainly distributed within the frequency of 10Hz to 20Hz. In addition, the maximum peak value of power spectral density of the elliptical treadmill with aluminum alloy was 2.1g 2 /Hz, while the maximum peak value of power spectral density of the elliptical treadmill with magnesium alloy was 1.7g 2 /Hz. Compared with a steel elliptical treadmill, the maximum power spectral density of an aluminum elliptical treadmill was decreased by 19.2%, and the maximum power spectral density of a magnesium elliptical treadmill was decreased by 34.6%. Therefore, using magnesium alloy to make the elliptical treadmill can obtain a comparatively better structure.
4) Vibration displacement, velocity and acceleration in Z direction were obviously greater than those in X and Y directions and presented certain periodicity because excitation forces in Z direction was also the largest.
5) Experimental and numerical simulation results of acceleration in three directions presented a good consistency and only the peak values of some frequency points were different, which further indicated that the numerically computational model for the vibration characteristics of the elliptical treadmill was completely reliable.
6) GSO-BPNN model was compared with BP neural network model and GA-BP neural network model. They adopted the same neural network topology structure to conduct a multi-objective optimization for the power spectral density and acceleration of the elliptical treadmill. GSO-BPNN not only improved the accuracy of optimization, but also reduced computational time.
